A 117-kb Microdeletion Removing HOXD9–HOXD13 and EVX2 Causes Synpolydactyly  by Goodman, Frances R. et al.
Am. J. Hum. Genet. 70:547–555, 2002
547
Report
A 117-kb Microdeletion Removing HOXD9–HOXD13 and EVX2 Causes
Synpolydactyly
Frances R. Goodman,1 Frank Majewski,2 Amanda L. Collins,3 and Peter J. Scambler1
1Molecular Medicine Unit, Institute of Child Health, London; 2Institut fu¨r Humangenetik, Heinrich-Heine Universita¨t, Du¨sseldorf, Germany;
and 3Wessex Clinical Genetics Service, Princess Anne Hospital, Southampton, United Kingdom
Studies in mouse and chick have shown that the 5′ HoxD genes play major roles in the development of the limbs
and genitalia. In humans, mutations in HOXD13 cause the dominantly inherited limb malformation synpolydactyly
(SPD). Haploinsufficiency for the 5′ HOXD genes has recently been proposed to underlie the monodactyly and
penoscrotal hypoplasia in two children with chromosomal deletions encompassing the entireHOXD cluster. Similar
deletions, however, have previously been associated with split–hand/foot malformation (SHFM), including mono-
dactyly. Here we report a father and daughter with SPD who carry a 117-kb microdeletion at the 5′ end of the
HOXD cluster. By sequencing directly across the deletion breakpoint, we show that this microdeletion removes
only HOXD9–HOXD13 and EVX2. We also report a girl with bilateral split foot and a chromosomal deletion that
includes the entireHOXD cluster and extends ∼5 Mb centromeric to it. Our findings indicate that haploinsufficiency
for the 5′ HOXD genes causes not SHFM but SPD and point to the presence of a novel locus for SHFM in the
interval between EVX2 and D2S294. They also suggest that there is a regulatory region, upstream of the HOXD
cluster, that is responsible for activating the cluster as a whole.
The HOX genes encode a highly conserved family of
transcription factors that are fundamentally important
for morphogenesis in virtually all multicellular organ-
isms (Krumlauf 1994). Humans, like most vertebrates,
have 39 HOX genes, arranged in four clusters (HOXA,
HOXB, HOXC, and HOXD). Expression analysis, tar-
geted mutagenesis, and overexpression studies in mouse
and chick have shown that the 5′ HoxD genes (Hoxd9–
Hoxd13) are critical for limb and genital tract devel-
opment (reviewed by Za´ka´ny and Duboule [1999]). A
similar role for the 5′ HOXD genes in humans has been
confirmed by the discovery that specific mutations in
HOXD13 cause the dominantly inherited limb malfor-
mation synpolydactyly (SPD [MIM 186000]) (Akarsu et
al. 1996; Muragaki et al. 1996; Goodman et al. 1997,
1998). This malformation is characterized by syndactyly
between the third and fourth fingers and between the
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fourth and fifth toes, with variable digit duplication in
the syndactylous web. Severely affected males may also
have hypospadias (Goodman et al. 1997).
Del Campo et al. (1999) recently reported striking
limb and genital abnormalities in two unrelated boys
with chromosomal deletions at 2q24.1-q31 and 2q31.1-
q32.2. Both boys had a single bone in the zeugopod and
monodactyly in the autopod of all four limbs, as well
as penoscrotal hypoplasia and multiple other anomalies.
Since these deletions removed the entire HOXD cluster,
the limb and genital abnormalities were proposed to be
due, at least in part, to haploinsufficiency for the 5′
HOXD genes. Similar deletions involving band 2q31.1,
however, have previously been associated with limb ab-
normalities ranging from a wide cleft between toes 1
and 2 and brachysyndactyly of toes 2–5 to split hand,
split foot, and monodactyly (reviewed by Boles et al.
[1995] and Maas et al. [2000]). As first suggested by
Boles et al. (1995), these abnormalities probably rep-
resent milder and more-severe forms, respectively, of
split–hand/foot malformation (SHFM [MIM 183600]),
and the monodactyly described by Del Campo et al.
(1999) would fit well into the severe end of this
spectrum.
Here we report a microdeletion at the 5′ end of the
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HOXD cluster in a father and daughter with SPD. This
deletion removes just HOXD9 to EVX2 and extends
only 85 kb upstream of HOXD13, implying that the
phenotype caused by haploinsufficiency for the 5′
HOXD genes is not SHFM but SPD. We also report a
cytogenetically visible deletion at 2q31-q33, in a girl
with bilateral split foot, which encompasses the entire
HOXD cluster but extends only a short distance cen-
tromeric to it. These results, together with those of Boles
et al. (1995), suggest that the 5-Mb interval centromeric
to EVX2 harbors a novel locus for SHFM.
Family 1 (fig. 1B) was ascertained after referral, for
genetic counseling, to the Institute of Human Genetics,
University of Du¨sseldorf, Germany. The proband (III.1)
was born with severe SPD in both hands, including com-
plete cutaneous syndactyly between the third and fourth
fingers, duplication of all three phalanges of the third
fingers, and clinodactyly of the fifth fingers (fig. 2A). In
the feet, she had broad halluces, bilateral partial cuta-
neous syndactyly between the second to fourth toes, hy-
poplastic second to fifth middle phalanges, short second
to fifth metatarsals, and partial duplication of the bases
of the second metatarsals in the first web spaces (fig.
2B). Her father (II.1) had milder hand involvement, with
just bilateral partial cutaneous syndactyly between the
third and fourth fingers. In the feet, however, he had
abnormalities (fig. 2C) virtually identical to those of his
daughter. Neither father nor daughter had any other
medical problems, and a full skeletal survey revealed no
additional malformations. The remaining family mem-
bers were unaffected.
Family 2 (fig. 1C) was ascertained after referral, for
genetic counseling, to the Wessex Clinical Genetics Ser-
vice, Southampton, United Kingdom. The proband (II.1)
was born with multiple abnormalities, including severe
proportionate growth retardation, bilateral retinal col-
obomata, blepharophimosis, a right preauricular pit,
and an anterior anus. In the hands, she had campto-
dactyly of all the fingers and clinodactyly of the fifth
fingers (fig. 2D), whereas, in the feet, she had bilateral
“lobster-claw” deformities, with absence of the middle
three rays (fig. 2E). At age 3 mo, she developed seizures.
She made almost no developmental progress and, sadly,
died at age 2 years, after a chest infection. Her parents
and older sister were not affected with congenital
malformations.
Venous blood samples were obtained from individuals
I.1, II.1, II.2, III.1, III.2, and III.3 in family 1 and from
individuals I.1, I.2, and II.1 in family 2, with their or
their parents’ consent and with the approval of the local
ethical review board.
In the affected father and daughter from family 1, no
mutations were identified in the entire coding region of
HOXD13. At an A/G single-nucleotide polymorphism
in exon 1 (Goodman et al. 1997), however, the father
was found to carry an A residue, whereas the daughter
was found to carry a G residue, suggesting that the other
allele might be deleted. Although routine karyotype
analysis was normal in both patients, haplotype analysis
of the family (fig. 1B) demonstrated a submicroscopic
interstitial deletion lying between D2S326 and D2S364
and removing at least EVX2 to HOXD10 together with
160 kb centromeric to EVX2. This deletion had arisen
de novo on the father’s maternal chromosome 2q31 and
had been transmitted to his affected daughter but not
to his unaffected children.
The approximate size of the deletion was confirmed in
both patients by FISH studies with cosmids mapping to
the region (Rossi et al. 1994; Simeone et al. 1994). Signal
was obtained on only one chromosome 2 with cosmids
P19 (containing EVX2) and G2 (containing EVX2 and
HOXD10–HOXD13) but was obtained on both chro-
mosomes 2 with cosmid D2 (containing DLX1 and
DLX2), showing that the deletion encompasses EVX2 to
HOXD10 but does not extend as far centromeric as
DLX1 and DLX2. To define the telomeric end of the
deletion, probes from the region HOXD8–HOXD10
were used for Southern blotting (details available on re-
quest). The junction fragments detected in individuals II.1
and III.1 indicated that the telomeric end lay in a 75-bp
interval ∼650 bp downstream of HOXD. We therefore
used inverse PCR to amplify a short genomic fragment
containing the deletion breakpoint (details available on
request), enabling us to sequence directly across the de-
letion (fig. 3). As predicted, the telomeric end of the de-
letion lies 658 bp downstream of the stop codon of
HOXD9, between bases 108822 and 108823 of BAC
RP11-387A (a fully sequenced 175-kb clone containing
the entire HOXD cluster). The centromeric end proved
harder to locate precisely. A BLASTN (NCBI BLAST
Home Page) search of the Human Genome Project work-
ing draft sequence (International Human Genome Se-
quencing Consortium 2001) placed it within BAC RP11-
514D19, a partially sequenced 208-kb clone that largely
overlaps BAC RP11-387A1 but extends farther toward
the centromere. A BLASTN search of the Celera human
genome consensus sequence (Venter et al. 2001) placed it
within an unfinished 342-kb scaffold segment (GA_
x2HTBKMFJRS). To determine its exact position, we am-
plified and sequenced PCR products spanning the gaps in
this scaffold segment (details available on request), al-
lowing us to assemble ∼15 kb of continuous sequence
(GenBank accession number AF415204) immediately up-
stream of the centromeric end of BAC RP11-387A1
(GenBank accession number AC009336). The centrom-
eric breakpoint lies between bases 7044 and 7045 of this
new sequence, 8,570 bp upstream of BAC RP11-387A1.
The deletion in family 1 is thus 117,392 bp long.
Analysis of the deleted region by use of the program
NIX (Intoduction to NIX Web site) revealed that the
Figure 1 Haplotype analysis in the two families. A, Relative positions of the 12 polymorphic markers used, with their approximate
distances from the tip of the short arm of chromosome 2. D2S294, D2S333, D2S335, D2S326, D2S364, D2S1391, D2S389, and D2S117 are
microsatellite repeats spanning a 20.7-cM interval in the vicinity of the HOXD cluster on chromosome 2q31 (Sheffield et al. 1995; Dib et al.
1996). HOXD10, originally reported as HOX4E (Rosen and Brown 1993), lies in the 3′ UTR of HOXD10. HOXD11 (a TG repeat in the
intron of HOXD11), EVX2 (an AG repeat just telomeric to the 5′ UTR of EVX2), and 5′ HOXD (a CA repeat ∼60 kb centromeric to the
HOXD cluster) are three new polymorphic markers identified in the present study (details available on request). B and C, Pedigree drawings
of families 1 and 2, respectively (blackened symbols represent affected individuals; arrows indicate the probands), and results of haplotype
analysis. The bracketed haplotype for individual I.2 from family 1, from whom DNA was not available, was inferred from the results for
individuals I.1 and II.1.
Figure 2 Limb abnormalities in the two families. A, Radiograph of both hands of individual III.1 from family 1 at age 2 years, showing
complete cutaneous syndactyly between the third and fourth fingers, duplication of all three phalanges of the third fingers, broad third metacarpals,
and hypoplastic fifth middle phalanges. B, Radiograph of right foot of individual III.1 from family 1 at age 11 years, showing broad hallux,
partial cutaneous syndactyly between the second to fifth toes, fifth-toe brachydactyly, hypoplastic second to fifth middle phalanges, short second
to fifth metatarsals, and partial duplication of the base of the second metatarsal in the first web space. C, Radiograph of right foot of individual
II.1 from family 1 at age 35 years, showing broad hallux, partial cutaneous syndactyly between the second to fourth toes, fifth-toe brachydactyly,
hypoplastic second to fifth middle phalanges, occasional symphalangism between the middle and distal phalanges, and partial duplication of
the base of the second metatarsal in the first web space. D, Photograph of right hand of individual II.1 from family 2 at age 10 mo, showing
clenched and overlapping fingers. E, Photograph of right foot of individual II.1 from family 2 at age 10 mo, showing severe “lobster-claw”
deformity with absence of the middle three rays.
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Figure 3 Precise extent of the deletion in family 1. The electropherogram shows the sequence across the deletion breakpoint. The telomeric
end of the deletion is located 658 bp downstream of HOXD9. The centromeric end of the deletion is located within a LINE-1 element, ∼5 kb
telomeric to the most 5′ known exon of KIAA1715. Inside the deleted segment, the seven highly conserved regions likely to represent regulatory
elements are denoted by blue boxes (R1–R7).
centromeric breakpoint occurs within a 1,165-bp LINE-
1 fragment (L1MD2; fig. 3). Interstitial deletions occa-
sionally can result from unequal homologous recombi-
nation between neighboring LINE-1 elements (Burwin-
kel and Kilimann 1998), but no such elements are pre-
sent at the telomeric breakpoint. This is consistent with
the very low density of interspersed repeats within the
four HOX clusters (International Human Genome Se-
quencing Consortium 2001), almost certainly reflecting
the need to avoid disruption of large-scale cis-acting reg-
ulatory elements. Several previously characterized chro-
mosomal deletions and one translocation have LINE-1
sequence on one side and unrelated sequence on the
other (Drechsler and Royer-Pokora 1996), as in the de-
letion reported here, and in all these cases the involve-
ment of the LINE-1 element is probably incidental.
NIX analysis revealed, apart from HOXD9–
HOXD13 and EVX2, three other potentially expressed
sequences within the deleted area. Each matches only a
single short cDNA clone (GenBank accession numbers
AA620964, D61190, and AI214712), however, and
therefore may not, in fact, be expressed. By contrast,
sequences matching a 5.7-kb partial cDNA clone
(GenBank accession number AB051502) were identified
just beyond the deletion, ∼78 kb centromeric to EVX2.
This cDNA, originally isolated from human brain (Na-
gase et al. 2000), matches 180 smaller cDNAs isolated
from a wide variety of adult human tissues. The gene,
KIAA1715, is transcribed in the opposite direction to
the HOXD cluster and has at least 14 exons, of which
the most 5′ so far identified lies 5.2 kb centromeric to
the deletion (fig. 3). Analysis of its sequence by use of
the program PIX (HGMP-RC PIX Web site) indicates
that the encoded protein is probably membrane bound.
Homologs are present in mouse, Drosophila, and Cae-
norhabditis elegans, and the mouse homolog lies up-
stream of theHoxD cluster, ∼77 kb centromeric toEvx2.
In mice, the area upstream of Evx2 is known to con-
tain several regulatory elements for the HoxD cluster
(van der Hoeven et al. 1996; He´rault et al. 1999; Kondo
and Duboule 1999), although their sequence and exact
position have not been determined. A BLAST compar-
ison of the interval between EVX2 and the centromeric
end of the deletion with the corresponding interval in
mouse reveals a high level of sequence homology be-
tween a region 13.7–19.5 kb upstream of human
HOXD13 (bases 57342–63193 of BAC RP11-387A1;
region 1 [R1] in fig. 3) and a region 13.6–19.3 kb up-
stream of mouse Hoxd13 (bases 85879–91558 of BAC
RP23-400H17). This region includes five blocks, each
1500 bp long, that are 190% identical in human and
mouse. A similar comparison with the corresponding
region upstream of the horn shark HoxD cluster shows
that each block also contains 80–540-bp stretches that
are 185% identical in human and horn shark. Moreover,
within the first two blocks there are three short stretches
190% identical to the corresponding region upstream of
the human HOXA cluster. This strongly conserved re-
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gion almost certainly represents an important HOX-
cluster regulatory element.
Centromeric to R1, there are six shorter stretches of
striking sequence homology between human and mouse
(R2–R7, fig. 3). R2 (bases 48073–48774 of BAC RP11-
387A1) contains conserved 226-bp and 208-bp blocks
28 kb upstream of HOXD13; R3 (bases 37536–38289)
contains conserved 332-bp and 306-bp blocks 38 kb
upstream of HOXD13; R4 (bases 17857–18094) con-
tains a conserved 237-bp block 58 kb upstream of
HOXD13; R5 (bases 11792–12135) contains a con-
served 343-bp block 64 kb upstream of HOXD13; R6
(bases 7253–9632) contains conserved 358-bp, 270-bp,
and 887-bp blocks 68 kb upstream of HOXD13; and
R7 (bases 1998–2452) contains conserved 298-bp and
67-bp blocks 74 kb upstream of HOXD13. Some of
these regions, which are all removed by the deletion in
family 1, probably represent regulatory elements for the
HOXD cluster, although the most centromeric of them
could, alternatively, represent regulatory elements for
KIAA1715. No conserved regions are identifiable, how-
ever, in the 5-kb interval between the centromeric break-
point and the 5′ end of KIAA1715.
In family 2, karyotype analysis of the proband and
her parents revealed that she carried a de novo interstitial
deletion removing chromosomal bands 2q31.3-2q33.3.
Haplotype analysis (fig. 1C) showed that this deletion
arose on her paternal chromosome 2. Its centromeric
end lies between D2S294 and D2S333, whereas its telo-
meric end lies between D2S1391 and D2S389. The cen-
tromeric breakpoints in two similar interstitial deletions
(at 2q31.1-q31.3 and 2q24.3-q31.3) also lie within the
1.8-cM interval between D2S294 and D2S335 (Slavo-
tinek et al. 1999), and all three breakpoints may have
occurred at the known fragile site FRA2G (Limongi et
al. 2000). The deletion in the proband thus spans a ge-
netic distance of 12.6–16.2 cM and removes DLX1 and
DLX2, as well as the entire HOXD cluster and EVX2.
SPD has previously been shown to be caused by mu-
tations in HOXD13 (Akarsu et al. 1996; Muragaki et
al. 1996; Goodman et al. 1997, 1998). We have now
demonstrated that it can also result from a microdeletion
at the 5′ end of the HOXD cluster. This probably reflects
the consequences of haploinsufficiency for one or more
of the deleted genes, rather than disruption or perturbed
regulation of genes flanking the deletion. On the cen-
tromeric side, the nearest gene, KIAA1715, may not be
affected by the deletion, although a hitherto-unidentified
5′ exon or regulatory element may be removed. Hap-
loinsufficiency for a widely expressed membrane-bound
protein, however, is highly unlikely to produce a perfect
phenocopy of SPD. On the telomeric side, the four re-
maining HOXD genes (HOXD1, HOXD3, HOXD4,
and HOXD8) are not normally expressed in the devel-
oping limbs. Nevertheless, they could contribute to the
SPD phenotype if the deletion placed them under the
control of a regulatory element that could misdirect their
expression to the autopod, such as the digit enhancer
thought to regulate the 5′ Hoxd genes and Evx2 in
mouse (van der Hoeven et al. 1996; He´rault et al. 1999;
Kondo and Duboule 1999). As mentioned above, how-
ever, the microdeletion appears to remove all conserved
regions potentially representing regulatory elements be-
tween EVX2 and the 5′ end of KIAA1715, and HOXD
regulatory sequences are unlikely to be located more
centromeric than this, since they would then lie within
KIAA1715. The SPD caused by the microdeletion thus
is most simply explained by haploinsufficiency for one
or more of the deleted genes, five of which (HOXD10–
HOXD13 and EVX2) are known to be important in
autopod development and one of which (HOXD13) is
specifically implicated in SPD.
Two types of HOXD13 mutation have previously
been identified in SPD. Most cases are caused by ex-
pansions of an N-terminal polyalanine tract (Akarsu et
al. 1996; Muragaki et al. 1996; Goodman et al. 1997).
Genetic complementation experiments in the synpoly-
dactyly homolog mouse (Bruneau et al. 2001) recently
have confirmed that the resulting mutant protein exerts
a “super” dominant negative effect, by interfering with
the function of the remaining wild-type HOXD13 and
other 5′ HOXD proteins. An atypical form of SPD, as-
sociated with a distinctive foot phenotype (broad hal-
luces, hypoplastic middle phalanxes, and partial dupli-
cation of the bases of the second metatarsals), is caused
by different frameshifting deletions in HOXD13 (Good-
man et al. 1998; Calabrese et al. 2000), all of which are
thought to inactivate the resulting protein. The patients
with the microdeletion have a foot phenotype almost
identical to that produced by these frameshift mutations,
suggesting that the chief cause of their abnormalities is
haploinsufficiency for HOXD13. Mice homozygous for
a targeted deletion that removes Hoxd11–Hoxd13 have
digital abnormalities closely resembling human SPD
(Za´ka´ny and Duboule 1996), although heterozygotes
have only mild shortening of the second and fifth digits.
The more severe phenotype in the patients with the mi-
crodeletion may reflect the additional effects of hap-
loinsufficiency for HOXD10 and EVX2 and/or a greater
sensitivity in humans than in mice to reduction in
HOXD11–HOXD13 gene dosage.
Although HOXD10–HOXD13 are expressed in the
zeugopod and HOXD9 is expressed in the stylopod dur-
ing development, the patients with the microdeletion
have no limb abnormalities outside the autopod. Simi-
larly, no zeugopod or stylopod malformations have been
observed in mice heterozygous for targeted loss-of-func-
tion mutations in single or multiple 5′ Hoxd genes (re-
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viewed by Rijli and Chambon [1997]). The deleted genes
are also expressed in the developing vertebral column,
gastrointestinal and urogenital tracts, and genital tuber-
cle, yet neither the patients with the microdeletion nor
the corresponding heterozygous knockout mice have any
detectable malformations of these structures. Loss-of-
function mutations in the HOXD9–HOXD12 and
EVX2 genes thus are unlikely to cause significant mal-
formations in humans. The same may be true of most
HOXA genes, since a patient hemizygous for the entire
HOXA cluster has a phenotype attributable to haploin-
sufficiency for just HOXA3 and HOXA13 (Devriendt
et al. 1999). Gain-of-function mutations in the deleted
genes, however, including mutations affecting their reg-
ulation, may well underlie rare human phenotypes
(Goodman and Scambler 2001; Goodman et al. 2001).
Cytogenetically visible deletions of the long arm of
chromosome 2 have previously been described in 130
patients with multiple malformations, including abnor-
malities of the limbs (Boles et al. 1995; Maas et al. 2000).
Deletions removing 2q24.3 are generally associated with
flexion deformity of the fingers, as in individual II.1 from
family 2, whereas deletions removing 2q31.1 are asso-
ciated with a broad cleft between toes 1 and 2 and with
brachysyndactyly of toes 2–5, suggesting that 2q24.3
and 2q31.1 harbor genes with different roles in limb
development (Maas et al. 2000). Patients with deletions
of 2q31.1 may also have more-severe limb defects, in-
cluding bilateral split hand (Ramer et al. 1990), bilateral
split foot (Benson et al. 1986; Boles et al. 1995), and
monodactyly of the upper limbs with only a single fore-
arm bone (Ramer et al. 1990), similar to that in the two
boys described by Del Campo et al. (1999). Such mono-
dactyly is a well-recognized manifestation of severe
SHFM. These observations led Boles et al. (1995) to
propose that SHFM “may represent the extreme end of
the spectrum of digital anomalies associated with dele-
tions in this region” (p. 158). Our findings in individual
II.1 from family 2, who had a 2q31-q33 deletion and
bilateral split foot, support this hypothesis.
The underlying gene is unlikely to be one or more of
the 5′ HOXD genes, for the reasons given above. More-
over, the deletion in the patient with bilateral split foot
reported by Boles et al. (1995) lies entirely centromeric
to EVX2. Together with our haplotype analysis in in-
dividual II.1 from family 2, this suggests that an SHFM
locus may lie between EVX2 and D2S294, an interval
of only ∼5 Mb. Candidates genes in this interval include
DLX1 and DLX2, homeobox genes whose mouse ho-
mologs are expressed in the apical ectodermal ridge and
progress zone of developing limbs (Qiu et al. 1997). Two
closely related genes, DLX5 and DLX6, are implicated
in SHFM, since they lie in the 1.5-Mb critical interval
in which to which SHFM1 (MIM 183600) has been
mapped (Crackower et al. 1996), but limb abnormalities
are not observed in heterozygous or homozygous mice
carrying targeted deletions in Dlx1, Dlx2, or both Dlx1
and Dlx2 (Qiu et al. 1997).
If haploinsufficiency for HOXD9–HOXD13 and
EVX2 causes SPD, as our findings in family 1 indicate,
large deletions encompassing the HOXD cluster should
produce similar abnormalities. Severe SPD need not al-
ways occur, however, since individual II.1 from family
1 has milder hand abnormalities than does individual
III.1, and the phenotype produced by specific HOXD13
mutations is very variable (Goodman et al. 1997, 1998).
Almost all of the large deletions reported elsewhere have
been defined by cytogenetic rather than molecular anal-
ysis, and the HOXD cluster has been proven to be de-
leted in only six cases (Nixon et al. 1997; Del Campo
et al. 1999; Slavotinek et al. 1999; Prieur et al. 2000).
One individual has a limb phenotype very similar to that
of individual II.1 from family 1 (Prieur et al. 2000),
whereas three have minor limb abnormalities also found
in mild SPD (Nixon et al. 1997; Slavotinek et al. 1999).
The monodactyly in the boys described by Del Campo
et al. (1999) and the bilateral split foot in individual II.1
from family 2 would mask any accompanying SPD.
The phenotype resulting from the microdeletion in
family 1 also has interesting implications for regulation
of the entire HOXD cluster. Kondo and Duboule (1999)
described a regulatory element responsible for early re-
pression of the mouse HoxD cluster, probably lying !28
kb upstream of Hoxd13, although they did not identify
the exact sequences involved. Surviving mice heterozy-
gous for a targeted deletion of this region together with
Hoxd11–Hoxd13 and Evx2 displayed posterior homeo-
tic transformations of the upper axial skeleton, including
abnormalities of the cervical and thoracic vertebrae and
sternum, due to premature and ectopic activation of the
remaining 3′ Hoxd genes. If (as seems likely) a homol-
ogous regulatory element exists upstream of the human
HOXD cluster, it would be removed by the microde-
letion reported here, and individuals II.1 and III.1 from
family 1 should have vertebral and sternal malfor-
mations due to premature and ectopic activation of
HOXD1–HOXD8. Despite thorough clinical and ra-
diological examination, however, we detected no such
abnormalities, suggesting that the nondeleted 3′ HOXD
genes are not expressed at all. This could happen if the
deleted sequences included a major locus control region
(LCR) necessary to initiate activation of the cluster as a
whole. The six short conserved regions that we have
identified 28–74 kb upstream ofHOXD13 (R2–R7) rep-
resent good candidates for such an LCR, whereas the
large conserved region 13.7–19.5 kb upstream of
HOXD13 (R1) could well constitute the repressor ele-
ment postulated by Kondo and Duboule (1999).
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